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PION AND MUON DECAYS BEYOND THE STANDARD MODEL

Peter Herczeg

Theoretical Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87540

ABSTRACT

We review and discuss the information provided by charged
pion and muon decays on phliysics beyond the minimal standard
model.

1. INTRODUCT\:\ON

Pion and muon decays are among the oldest tools of particle physics. Their
study helped to develop the standard model. Today their main role is to probe
for possible deviations from the predictions of the minimal standard model. The
minimal standard mode| has been spectacularly successful in accounting for the
existing data. Nevertheless, for many theoretical reasons the presence of new
physics is expected.

In this talk we shall review and discuss what type of new physics can be
probed in pion and muon decays, what we have learned so (ar, and what further
experiments would be worthwhile. I'rom pion decays we shall discuss here only
the decays of the charged pion; for reviews of neutral pion decays we refer the
reacder to Ref. 1.

In Section 2 we discuss muon decays involving neutrinos in the final state,
such as the usual muon decay. In Section 3 we shall ~onsider the decays of the
nt. Charged pion decays probe some new aspects of the leptonic interactions,
and also new interactions that do not contribute to leptonic processes in lowest
order. Section 4 deals with lepton family number violating decays, such as jo -
5. Here we include also a discussion of mouoninm  + antimuoninm conversion.
In Section H we consider decay modes involving some posable new particles.

The last section contains our conclusons.
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2., MUON DECAYS INTO NEUTRINOS
2.1. u* — e* +neutrinos

In the minimal standard model®’ the main decay mode of the muon (st

for definiteness) is due to W-exchange and proceeds as

ut — e’ v, (1)
where v, and v, are massless left-handed neutrinos accompanying, respectively,
the left-handed electron and the left-ha::d=d 1mmuon in doublet representations of

SU(2)r. The effective interaction describing (1) is the V-A Hamiltonian®’
HY g = (Gr/v2) fina (1= 95 23 (1= 35)e + Hec. (2)

where Gr = (g?/8mi; )(1+Ar); Ar are radiative corrections®’. In the following
we shall refer to the process u* — e* + neutrinos simply as “muon-decay.”®’
In extensions of the minimal standard model the interaction responsible for
muon-decay may include new components (for example new V A interactions,
or contributions from S,P,T couplings). The neutrino states emitted in muon-
decay may also be more involved: the neutrinos may be massive fermions (Dirac
or Majorana), and the neutrino gauge-group cigenstates may be not particular
inass-eigenstates, but linear combinations of them.

Let us consider the decay ' — e' v, in a framework where the mmon-
decay interaction is described by the most general local nonderivative lepton-

' and the neutrinos are

family-number®’ conserving four-ferimion interaction
mass-eigenstates, with masses small enough that their effect on the positron
spectrum caa be neglected. I the helicity projection furm®? the corresponding

Hamiltoniar can be written as

H* = ST (s, enlarann T o aS, Ui P
u.d ‘L.R
\‘ ro. K . (3
+ - ‘}I,',) "',,nl {,""'“',)nl ,U" ¢ Il"'-‘

a4 = LR
a2 9



where ¢, = (£ 2V2)(YpYe — ‘yav,,),rln = I't = (1 —= 9s), and
FIL = I’'rn = (1 + vs). The subscripts « and 3 on the coupliug constants
indicate the handedness of the electron and of the muon, respectively. The
Hamiltonian (3) contains 19 reai parameters (10 complex coupling constants
minus an overall phase). The minimal standard model Hamiltorian (2) is ob-
tained from (3) by setting g[v_'L = GF/v2, and all the other coupling constants
equal to zero. If the neutrinos are not detected, only ten quadratic functions of
the coupling constants (denoted in the literature by a,a",b,L’c.c’ ., o', 3 and J')
can be determined!?’. Experimental constraints on the coupling constants in
(3) have been analyzed recently in Ref. 11. The muon-lifetime r,, the positron
energy spectrum parameters p, 8, £, and the positron longitudinal polarization
parameters ', £ determine the six constants a,a’,b.b’.c and c’, vr equivalently,
the following six independent positive semidefinite quadratic forms of the cou-

pling constants that can be formed from tiem'!':

. 1 4 s s 5
o= 5 UgrR® ¢ lgacl® v leial® + lgiLl?)
v 20grp1 + ignc? b ogRul v lgpl?) (4

6(“.9£Li2 + ?9[{352)

1

2 2

Qna = (4 'vhal" * luha N v2) )

Qun = (4 lodel + wtal o aaba ) (Guve) )

om. = (] o v okl vl evE) (7)

BLr = (%) l95n + ﬁy[niz ' 'f_«/l'nlzb((v',./v'z) " (%)
and ) .

Bry = (llﬁ !yfu, + 'W}Cl,j‘ ¢ !!ll‘il,'-’(("l'f//"‘,) R (")

The constant (7, is deterniined by the decay rate (neglecting radia

m: with radiative corrections ineluded

W'

w v L16637(2) « 10 % GeV 2 (Ref. 12)). The present experimental values

tive corrections (7, — 192m%",/

G

of the muon-decay parameters are summarized in Table I, They imply values for



QRRQRrL.QLRr,BrLr and Brp consistent with zero!!’,

The resulting limits on
the coupling constants (taken from the updated fit given in Ref. 13) are shown
in Table I[I. The only combination of the coupling constants which is different
from zero is the quantity 7 defined by

2 2

1 i [ T R 2
Qi =1 -QrRR~-UWLR -YnL = (4’;9‘:“ ‘ }y;‘_Li J(Gu/v2) 7, (10)

with a lower bound!?’

Qrr > 0.949 (90" c.l). (1)

To obtain limits on the individual constants g7, and ¢}, in (10) one needs
additional information. This can be obtained from the results of measurements
of the inverse muon-decay process v.e — ju n, (Ref. 11), where v, is the
neutrino state emitted in ¥ — u'v, decay, and n, are some neutrino states.
The total cruss section S for (vee -« p'ny) + (vee  — p'ng) + ... relative

to the cross-section predicted by the minimal standard model is found to be?”

S = (Z oluse —pu n) o(v,e TRV IV, -A) = 098 ¢ 0.12 . (12)

1
Assunung that v, = v, (Ref. 21) only v, contributes in our framework to the
su:nin (12), and one can use the Hamiltonian (3) to calculate S, Iut~grating
over the neutrino spectrum in the experiment of Ref. 20, the result for S (taking

irrto account the constraints on the quantities (5) - (49)) js'!!
S oz D Mgl e 0 e g PG v 2) R (13)

where hois the longitudinal polarization of v, in 7'+ 4'v, decay. From the

experimental lower bound P,£6/p - 0.99682 (see Table 1) one can deduce??!
1 + h « 0.00318 (90" ¢ 1y, (1))

Consequently  (since  the experimental muondecay rate  requires |_q,c,‘}?
MG, v 2)%), the second term in (13) can be neglected.  One has there

fore

2 ' ' 2

S .'H‘.vl“ (0, v (15)



Eq. (15) and the experimental result (12) lea: to

ghL] > 0.B88 ((J, \2) (0% L), (16)
as Qrr < 1, one obtains also!!’

il < 0918 (G, v 2) (907 e.l).  (I7)

The conclusion is that given our assumptions regarding the muon-decay
interaction and the nature of the neutrinos involved, the only term in the Hamil-
tonian (3) which we know to be nonzero is the one present in the minimal stan-
dard model. Moreover, this term is responsible for at least 79% of the observed

muon-decay rate'?’,

At the same tine, some of the non - (V-A} interactions
could still have a strength compar~ble or not too much weaker than ¢,.

The parameters a, J, a' and J3' determine the transverse components of the
pusitron polarization. In the minimal standard modela = 3 = o' = 3 =0.
Let us consider o' and J', which (neglecting higher order eflects) are responsible

. . - --e -
for the time-reversal-odd correlation «, - p, « #, (the only one that can be

formed if the neutrinos are unobserved). They are given hy #'

tov Se v Te v Se N e 2
a A Dnogig (et v S9R)  epl9lh v SeLn)]GLE 18)

-
-

1 " . ’ o i
A" v." ey - P l'” ‘gl‘L y;R -q;!R _(I;jl' ’,"('“ N ‘l”)

where A = 83,

The paramter a' is nonzero only if there is an interference between two
non-standard contributions and is therefore less sensitive to the new couplings
it depends on than J' is to gfp. A ypp-term added to the VoA contribution
would yield

TR B | B (21

A'UA - 2 G) Y Imggn ()

The direct measurement of ' A gives (¢f. Table 1)

Um gnpt < 01320, (0" el). (22)

-



A better limit is provided at present by the bound on ‘g5 al (¢f. Table 11). This
yields
Am gppi < 00470, . (23)

It should be noted that if the neutrinos are Majorana particles, then in
the presence of neutrino mixing the correlation @, - p, « @, could arise even if
there are no other than V,A fundamental currents.??’

What kind of new physics could lead to the non-standard terms in the
Hamiltonian (3)?

S, P couplings could aiise at the tree level through the exchange of charged
Higgs bosons (H*).2*) Charged Higgs bosons are present e.g. if the Higgs
sector of the standard model contains more than one Higgs doublet. In models
where the charged Higgs-fermion couplings are proportional to the inasses of the
fermions involved, the scalar couplings are too small to be ohservable even for
relatively light H*. E.g. for ¢35 = m,m.Gp/ M} aud My = 3 GeV one
would have g3, ~ 6 x 107%GF. !n some models the Higgs-fermion couplings
are proportional to the masses of some heavy fermions (f) in the theory.?®) Then
920 ~ m"}GF/AIE, so that gf‘, could be as large as the limits in Table 1.

New V A interactions are present {or example in left-right symmetric mod-
els based on the gauge group SU(2), «SU(2)g < U(1).2*) The muon-decay inter-

action in the absence of lepton mixing is of the form (3) with

aiL 93 cos¢ smd o (24)
| % v . 2/ 2 2 .
I I A L L AL (25)
VooV Ve ) Cw -
JLR/9LL = 9nL/ 91.L = - (9R/9L) Qe , (26)

wlere g; and gp are the gauge coupling constants corresponding to SU(2), and
SU(2)r, m; and m, are the masses of the two charged gauge hosons 1V, and
V3, ¢ is the IV — WWg mixing angle, and w is a ('P-violating phase.

The best limits on ig) 9}, (vd -~ LR, RL,RR) from muon decay are

SR S b : g 'y
‘.(II‘R#.‘II,IJ neL ‘11‘,1,‘ - 0.033 (27)



(from the p-parameter), and
VL o

(from the lower bound on P,$é/p).

For ggr = g1 and m; =81 MeV (28) implies my; > 70 GeV. In manifestly
left-right symmetric models (9g = g1, equal left- and right-hauded quark
mixing matrices) the upper lunits on ég,“'n,‘gk',“j, 39,‘{,_ ;’gZ'LI and g,‘{n/g,‘f,_ from
nonleptonic ‘ransitions are sinaller by about an order of magnitude (but not as
reliable). For non-manifestly left-right symmetric models (27) and (28) are th.
best available limits on (gr/gr)i¢| and gim?/gi m3.27)

Non-(V-A) local four-fermion interactions contributing to muon decay are
generally expected in models with composite leptons. They are generated by

constituent exchange.?®’

The strength of these interactions is of the order of
g% 'A? where g is an effective strong coupling constant and .\, is the compos-
iteness scale. Assuming ¢2/4r = 1, muon decay provides for some types of
couplings a lower bound of about 3 TeV on A..'3

The framework for the description of muon decay we have discussed so far
is not general enough to encompass all the possibilities one could encounter in
extensions of the minimal standard model.

One of the reasons is that the ceutrino states appearing in SU(<)p multi-
plets may be mixtures of mass-eigenstates.’®’ The latter may include also heavy
neutral fermions that cannot be produced in muon decay®?’. In the presence of
lepton mixing e.g. the coupling of thie W to leptons relevant to muon decay is

of the form?"’

L = (g/2v2)cosfy éa(l 350 Y_(A7 )eww

+ (g/’?VE)SinHL Fyal ‘wr,):(l','l),,l', vl e (20
+ (e ~ )

In Eq. (29) A} and Fg are sub-matrices of the neutrino mixing matrices, re-

sponsible for the mixing of the light neutrinos; #5 and 85 are angles describing

-1



possible mixing of the electron with new heavy chargzd leptons. The right-
handed current term in Eq. 29 appears when the right-handed components of
some of the new lep*ois are in SU(2) doublets.

Even if neutrino mixing would be alisent, there could be eflects in muon-
decay that are not described by the Hamiltonian (3). An example is the decay
mode®?’

p'o—~ e, (30)

which violates electron- and muon-number conservation.
The most general local nonderivative four-fermion interaction that allows
for neutrino mixing, lepton-family-number and total lepton-number violation

can be obtained from the Hamiltonian (3) by the replacements

91‘,,1_ Eva{l — 15 euy (1 — 75 )it

- 2(9{1.)-'1 En(l =y, N - s,
¥
v o (31)
9rR €11 + 95 )oYy (1 + 35 )u

— Y (grrdnEn(l £ s N E s
)
and analcgous replacements for all the other terms in (3) (Ref. 33). In
Eq. 31 all left-handed neutrinos (i.e. in the case of Dirac neutrinos both the
left-handed nueutrinos and the left-handed antineutrinos) have been denoted by
(1 - 9s)n and similarly all right-handed neutrinos by (1 + 45)n’.

The constraints on the general interaction have been analyzed in Ref. 33,
assuming that the effects of the neutrino inasses on the positron spectrum can be
neglected. The positron spectrum can again be described by the 10 parameters
a,a',.... which are quadratic functiotsof the coupling constants of the interaction.
One can form again six positive semidefinite quadratiec forms, which are the same
functions of the muon decay parameters p 8, ... as in the case of the interaction

(3). The quantity Qre(=1 Qrr Qrr Qgpr) for exaiple, is now given
by

~ .y I . N
P T T R T (32)

-

Qee = D

et
v

One has Q. > 0.949, as bhefore.



. . — .. . . + +
Dencting njy the neutrino state 17y = EJ. cjn g producedin 77 — u vy

decay, the cross-section ratio S is given by

§ = Yltote + 550 (33)
From the experimental result (12) and from Qg < 1 one obtains
> ‘(yi’L)is + é(ny)a." >0.79 (31)
S Jtafins + glefun] < 021 (35)
tJ

J#3
Thus the conclusion in the general case is*®’ that the decay inode involving
the neutrino vy produced in 7t — u* v, decay dominates the muon decay rate.
The contributions of the scalar and the vector termsin (31) cannot be separated.
There is some experimental information also concerning the second neu-
trino emitted in muon decay. This comes from an experiment®®) which mea-
sured the ratio I'(u* — e* D1, )/I(ut — all) using the reactions ip — net

and v.d — ppe~ induced by neutrinos from muon decay. The result is

n

(

C(ut — e*oev,)/T(nt — all) < 0.098 (90% c.l.).  (36)

The good agreement of the measured ved — ppe” cross section and the cal-
culated one in the minimal standard model indicates that the total muon decay
rate contains a substantial contribution from muon decay into a final state in

which one of the neutrinos is the one accompanying the positron in beta-decay.

2.2 Radiative Muon Decay

The decay ut — e*rep,y (and g -+ € ria,y) has a branching ratio of
about 1074 relative to nonradiative muon decay. The transition probability
with the neutrinos unobserved depends on the same 10 parameters a,a’,... as
the transition probability for u* —+ e'r.v, (Ref. 25).  Without considering

observables involving positron or photon polarizations, from measurements of
I



radiative muon decay one can determine two new combinations of the param-
eters: i (in unpolarized muon decay) and & (in polarized muon decay).*® In
the minimal standard model 7 = x = 0. A recent direct measureiment®” yields
7 < 0.083 (68% c.l.). A better limit 77 < 0.033 (Ref. 38 ) follows from combining
results from nonradiative muon decay.

A question of interest concerning the decay u* — etv,0,y is whether
it could offer an easier way to probe possible time-reversal violation in the
muon-decay interaction. One would expect a priori that this may be the case,
since one can form T-odd correlations without including thie positron spin vec-
tor (e.g. &, Pe x By). An analysis®®) based on the Hamiltonian (3) shows
however that (a) only parity-violating correlations can be nonvanishing (so that
e.g. 2, Pe x Py does not appear), and (b) parity-conserving correlations either
involve the transverse positron polarization, or the longitudinal positrou polar-
ization. Moreover, correlations involving the longitudinal polarizations (such
as for example &, - p7, - P x Py) are proportional to the electron mass (and
therefore suppressed, except possibly for low-energy positrons).

An analysis of u — e* + neutrinos + y in the framework of an interaction
which allows for neutrino mixing and nonconservation of lepton numbers has

not heen yet, to our knowledge, made.
3. CHARGED PION DECAYS
3.1 m— (U(

In the minimal standard model the effective interaction describing m —

€ve (€ = e,pn) decays is described by the V-A Hamiltonian 3

0y = (Gp/vV2) Usg iy M1 = 46)0 dn(L - qs)u + Hoeo . (37)

where [/ 4(= cos ;) is an element of the quark mixing matrix. Only the
dyrysu part of (37) contributes to #*  + (tuy.

The decay rate due te (37) is given by
9 it 2
[(r - lug) = (mo/Ar)(1 - ri)imi f2 U2 ( Gr NT) ;o (38)

10



where r = m¢/nmy,m¢ is the mass of the charged lepton and f, is d fined by
< 0 [dyaysu| mH(p) = ifupai fo > 132 MeV (Ref. 40 ).

From the point of view of searclies for new pliysics the quantity of interest
is the ratio of the rates of the electronic and the muonic decay modes. in which

the factor fr U,q drops out. Including radiative corrections, the ratio
R = F((rr — ) + (7 — fu'y))/[‘((rr — )+ (r— ,w'y)) (39)
in the minimal standard model is predicted to be*!
R = 1233 x107% . (40)

Tiie theoretical uncertainty i the prediction (40) is due to pion- structure de-
pendent radiative corrections, not included in (40), which have been estimeted

to be < 0.3% (Ref. 41).

Let us consider 7 — fvy(rt — ¢+ v, for simplicity) in the framework of the

Hamiltoman
H™ = Z (a(a[‘; UeyaLot dy*Tau -+ .'1L'$17,[‘;e(ir,3rl.> + H.e. (4)
ad=L,R
+ (e — )
where, as before, I"n = I = 1-1s, I, = ' = 1 b vs, and n::‘,’,/if:‘; are

constants. We shall assume that 17, and v, are mass-eigenstates, and neglect
the effects of their possible masses.

The part of (41) containing the axial-vector and pseudoscalar quark cur-
rents is the most general interaction that can contribute to #* — ¢ty The

% —s €*u, rate resulting fron, the interaction (41) is given by

Lt = €ruy) = (mga/ ba)(l - r'f)"’ m; f? Q(“ {(12)
(¢ = e,u), where
Q' = }: ("::11 ":,’l)e) *m"' AR ("‘::I’, “1:.,:'r)‘h ERRR)

’ m m m
(I‘iL.R 4 1] ’ o



\
P

2]
m, and my, are the masses of the u- and d quarks.
The ratio R (ueglecting new physics contributions to the radiative correc-

tions) can be written as

R = (1.233 < 10 Y (Q'* Q""" . (41)

The present experimental value of /2 is*? "

Rexpe = (1218 £ 0.014) - 10°Y . (15)

Analysis of the results of a new experiment measuring It is under way.*®’ The

result (45) implies for Q'¢' ' Q'*' - 1 (= (R Ry 4) - 1)
QU Q™) -1 - 0.034 (90" c.l)  (46)

In the upper limit (45) we have included the theorstical uncertainty of ~ 0.37%
in the calculation of the coeflicient of Q'*' Q'*' in Eq. 44.

As seen from Eq. (43) the ratio 1 is seusitive to pseudoscalar couplings of

. te) . Jtu) . . .
the type for whica A,/ .ﬂlu‘:, £ me m,, and to new axial-vector interactions

. (e) tu)
ifa,; #an;.
48

P-type couplings occur generally in models with charged Higgs bosons

)

and also in models involving leptoquarks.*®’  Let us consider a peendoscalar

interaction involving a left-handed neutrino, added to tne minimal standare

48)

model interaction. From Eqs. 13 and 16 we obtain, assuming that there is

no cancellation between the electronic and muonic terms,

Re( A, AYpn - 52 10" (47)
Re( Ay AV L ? (18)
wliere we have denoted ‘II"; : "‘(I,'.; (G v For companson we note

that the best linits on the absolute values of the couphing constants of sealar,
tensor and V' + A charged current interactions, obtained from beta decay, are
10-20% ¢/ g (Ref. 49). Liumits on non (V. A) couplings involving the mmon from

charged current processes other than pion decay are not litely to he hetrap ™"



An Apg-term in (-43) has no interference with the minnmal standard model
contribution. The limits on such conplings are therefore weaker.  We oltain,

barring cancellations,

1o AR 5T .10 (49)
Agn A, o120t (50
(Aps = Aps (Gp V21 4a)

The factor Q'¢’. Q'*' could deviate from one even in the ahsence of new
interactions, due to mixing of e and u with new heavy leptons. If, for example,
the weak eigenstate left-handed electron mixes with a new sequential heavy

charged lepton E, one has®!’

QIO! Qt w) o ('(.)52 02 , (r’l )
where 87 is the ey — Fp mixing angle. From Eq. (46) we obtain
sin #7008 (H2)

A systematic study ol mixings of the usual light fermions with new heavy
fermions was carried out in Ref. 52, The upper bound for [sin 87 | when all light
fermions are allowed to mix and all the pertinent data are taken into account is
comparable to (H2).

Further information on the Hanultonian (41) can be obtained from the
longitudinal polarization P;‘““ of the muon in 7% -« b, (Refs. 47 and 53).

For the interaction (41) it is given by (neglecting neutrino mnasses, as we do)

S L) L) )

(ut) -
[’L (e TR B S b B (H)
wlere
K {pat g . tad t .
‘K ) LT N Y -‘nn! (5 h)
(I L. 1), and w, m2 mtm, ot i the absence of right handed
. . . . {
neutrinos (as is the case in the mnmmal standard maodel) I’,"” ' l.



)

From the linut (14) (noting that I’L‘“ " h) one has for .1‘,;',‘ terms adeded

to the minimal standard model interaction
..‘cR;IR "tl,;‘l‘f . _)f, - 10 3 ) (r,.')

(TR B . .
For aj;-terms the limit s

é"‘R“}; - at,é'l_‘.f < 0.04 . (H6)

The e-polarization in # — err would also be of interest, but experimentally
it is far less accessible.

So far we have neglected the effects of neutrino mass and mixing. If the
neutrinos are massive and mix, the decay = — (vt is an incolierent sum of
the decays r — t’u:” where 1 are the mass eigenstates coutained in AR
the kinematic effects of the masses of the neutrinos that can be produced in
T — Cuﬁ can be neglected. the mixing would have no effect on the = -. (u(,,”
rates, unless the neutrino state associated with ( includes heavy neutrinos that
are energetically not allowed in v+ (! (Ref. 30). 1If. for example, such hervy

neutrinos are sequential leptons, the quantity @''- Q'*’ would be given by

(‘)'”, Q- cos® H‘I',‘ ‘eos? ”'l:“ (h7)

Viry

where cos? 8, ‘(.47_),.;7 (¢ = ey, and A7 is the matrix in Eq. 29

—el

(Ref. 52). Barring cancellations, the limit (46) implies
isin 0'1,'1 < 0S (f T (HX)

The analysis given in Ref. 52 for the case when only the parnmeters sin #}’
are included in the fit (but all the pertinent dnta are taken into neconnt) yiells
sin ”il,'i « 017 and lsin N'L"l N IRIELS

If the masses of the neatrinos in 14 are not negligible, the chneged lepton
energy spectrum will contain additional peaks at energies given by m, - and with
heights proportional to (17,7 (& neatiino mixeng matrix) Y

Peaks in the charged lepton spectrum have been searched for hoth in v«

et (Ref. 55) and w o e (Ref 96) decays. Tits on 0,00 and 1702 hiave



heen obtained in the mass ranges 20 MeV.c? < m,, < 130 Meb 2 and
1 MeV/e? < m,, < 16 MeV 2 respectively.  For [[',,]? these hounds in
the region 50 MeV, c® < my,, « 120 MeV ¢ are - 1077 - 3 <10 7, and for
U, 1% in the region 4 MeV:e? <. m, - 16 MeV ¢ about 10 % 10°% The
decay m -~ ur provides also the best limit (*m} « 0.25MeV 2,90 c.l) on
the mass(es) of the dominant light veutrino(s) in "'

The masses of the neutrinos involved in v+ affect also the ratio R (Refs.

54 and 58). Limits on |U,,] and [I",,] from R Lhave been obtained in Ref. 59.
32 »* < rx% "y,

In the minimal standard model the only contribution to the decay 7+ —
m%e* v, comes from the dy\u-part of the Hamiltonian (37). The amplitude

involves the matrix element
< owtdyul s < (pe b p Sy b Py pa S (Hh9)

where f, and f. are functions of (p,  p,)?.  Since dy\u is & component of
the isospin current, one has f_ = 0 and f,(0) == 2 in the limit of isospin
invariance. The #* - r"e*v, rate in this linit is predicted to be (see Ref. 60
and references quoted therein)

(N 2
Fo.oud 2 ) A'F (60)

I'(e* =« 7"¢ty,) - .

( ‘) GO w3 2m ,
where A — m, - mgsom, and m, are the masses of #* and #°, respectively,
e = m, /A, and Fis afunction of e and A, To compare theary and experiment,
beta-decay information is used to eliminate the factor ¢4 ' and sonie of the
radiative correctiona. One obtains (see Ref. 60)

fn A . . .
:mfu( ) A L

l'("0 . ”ll""') N
-y

",

where ft' is the ft.value for beta-decay corrected for outer radiative carrections,

) . » . ' .
and é« in the outer radiative correction for pion decay,



(4]

Using the new value of the =« - 7° mass-difference N =

(4.59366 £ 0.00048)Mel" (Ref. 61), Eq. (61) yields®?’

Dir” = m% v = (03981 + 0.0008)s ' . (62)
The experimental value is

F(r? — 1% e )expr = (0394 = 0.015)s b | (63)

so that I'ty - Texpe = (103 £ 3.77)%

A large discrepancy between theory and experiment would require a reex-
amination of isospin breaking eflects. From possible new physics #t -+ r%*1,
could receive a contribution from an interaction involving a tensor quark-current
(an interaction with a scalar quark-current cannot contril,ute in the limit of G-
parity conservation). Tensor-type seniileptonic four-fermion couplings can he
generated by spin-zero leptoquark exchange, and could also arise in composite
models, [(r* — metv ) — I'(r* — 7% ¥ 10 )expe sets some limit on the

strength of the tensor coupling. This bound has not heen investigated yet.,
33 m v evyand m - evee

These decays are of interest {or the information they can provide on the
form factors describing the # -+ vacuum matrix elements of the product of the
electromagnetic and weak currents.?®’ Thiey have been also considered {before
the advent of gauge theories) as possible sonrces of information on time-reversal-
violating interactions.

lu the decay # — evy time-reversal-odd correlations necessarily involve
positron or photon polarizations (see Rel. G4 and references quoted therein).
Inm -« evee T-odd correlations ean he formed using only momentn **!

[n the minimal standard model T-violating effects in 7« ety and 7
eree will be negligible, since in this model T violation arises only 1 second ovder

) I some extensions of the minimal standard model

in the weak iterations,
T-violating semileptonic interactions arise already in first order. For example,

in left-right sytimetric models**’ thers is a first order strangeness conserving
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semileptonic T-violating interaction of strength \¢ == (gp g1 )€ sin (o +w) (gn. 9L
are gauge coupling constants, £ is the 7  IVp mixing angle; «,w are ('P-
violating pliases) relative to (¢ (Ref. 67). 1A¢]is constrained to be smaller than
2 < 1073 by the experimental limit on the coetlicient I of the T-odd correlation
< J > - p. <« p, in nuclear beta-decay, and (less reliably) to be smaller than
~ 107* by €'/ and the electric dipole moment of the neutron.®*™! Judging from
the calculation in Ref. 64, this suggests that the trausverse positron polarization
in m — evy in these models is < 1074, Wlether this is so, and whether there
could be in some other models larger effects will require an analysis. A relevant
issue for searches of T-odd correlations is the size of final state interaction effects.

This, to my knowledge, in the decays r -+ evy und # — ervee have not been yet

investigated.
4. LEPTON FAMILY NUMBER NONCONSERVING PROCESSES

The present experimental upper limits on some of the lepton family
number®’ nonconserving processes are shown in Table H1. In the minimal stan-
dard model all these processes are forbidden. The underlying reason is the
masslessness of the neutrinos and that the counling of the Z° and of the Hliggs
boson to the fermions are diagonal in family space.

In many extensions of the minimal standard model the conservation of
lepton family numbers is broken aund consequently 4+ ey, 0+ e ete. are
expected to occur at some level.-’s)

Let us consider the decay 5 -+ e4. I the neutrinos in the standard

model are inassive, conservation of lepton family numbers no longer holds, The

amplitude is of the form (assuming m, - - my )™
~ . n m?
Mo vey) x \ e r,, ( Yo
—_— ! 3 Ny
Y thi)
\"° TET my
e S iy ‘
th

where m, is the mmass of the '" neutrino and 17 is the nentrino nixing matiix.

The Iast equation in (6:4) is the consequence of the unitarity of 170 The 0 ey
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branching ratio B(u — ev) = [(u —~ ey)/ (it — eriv) corresponding to (64) is

given by
B qm ik
Biu ~ e = BN s (69

3am le D3
?

For the known three neutrinos B(y -+ ev) is unobservably small (<. 1072?),
due to the existing limits on their masses and mixings. Observable B(yu — ev)
(as large as the present upper limit) is possible in the presence of a 4'" gener-
ation heavy neutrino in the standard model,’™ in left-right symmetric models

with heavy right-handed neutrinos,’®7?

3

and in other models involving heavy
neutrinos.

In addition to heavy neutrinos there are other possible sources of lepton
family number nonconservation that could lead to observable B(u -+ ey). Tor
example, u — ey could proceed via a leptoquark and heavy quark loop, rather

80)

than a loop with the W and neutrinos. In some classes of models with super-

symmetry lepton family number violation can arise due to induced off-diagonal

81

slepton mass terms;" '’ in some of these models 1 — ey could be in the observable

range.*?’'

The mechanisms of lepton family number violation mentioned in connec-
tion with g — ey lead also to g+ 3e,p0 + eyy and to ™ -+ €7 conversion
in nuclei,  The decays ¢ — 3e aud g+ ¢yy are expected to be generally
less sensitive to lepton family number violation induced by loop dingrains than
jt = ev, since they occur in order higher than g+ ¢4, This is true also for
i~ e conversion in ruclei, but coherent ;o -+ ¢ conversion is enhanced
roughly by a factor of A (for an isoscalar interaction) or (Z - N)?/A (for an
isovector interaction,*?’

The decay yu — 3e and =+ ¢ conversion are generally more sensitive
than gt -+ ey to sources of lepton family number violation which gives rise to
these processes at the tree level. Examplesare the exchange of horvizontal hosons
and in the case of jo -+ e conversion also the exchange of leptoguarks.

jo et conversion in nuclei vioiates hoth lepton fanily wmber conser.
vation and total lepton nuiber conservation. ‘T'he lowest order diagram for this

process is Ath order in the gauge and ‘or Higgs couplings.  The predictions of the



branching ratio T~ — ) Uiy~ - v} in various extensions of the minimal
standard model are far below presently observable levels (for a review see [tef.
75).

An interesting mechanism for some leptonic lepton family number noncon-

serving processes is present in an attractive version"*'

of left-right symmetric
models based on the gauge group SU (2), « SU{2)g < U'{1). The lliggs sec-
tor of this model contains the usual Higgs multiplet ¢ of quantun. numbers
(T, Ta,Y) = (%, %,0), which provides Dirac asses for the fermions. To
break the gauge symmetry down to I'(1), . additional lliggs bosous are re-
quired.  An attractive choice is to employ a Higgs triplet Qp(0,1,2). A
nonzero vacuum expectation value for the neutral component of the Ag-field
breaks SU(2), < STU'(2)g = U'(1) down to SU(2), < U'(1), and the latter sym-
netry group is then reduced to U'(1)e . by < ¢ ># 0.

The Higgs triplet Ag couples to right-handed leptons. < Ag ~# 0 gener-
ates a Majorana mass for the ight-handed neutrino, providing an explanation
of the smallness ot the masses of the usual neutrinos.

The existence of another Higgs triplet A, (1,0,2), which couples to left-
handed leptons, is required by left-right symmetry. The coupling of &f, to the

first two lepton families is of the general forin**’

L ; 1 :
Lay = fee Q01 sdie AL s feo vl (1 95l Q)
2 V2 3
1 (66)
- .2[9? (-F (l - 75)" Alt + t 1{.(. + (f’ * ll)‘

The Lagrangian (66) generates some lepton {amily nonconserving pro-
cesses, including muonium to antimuoninm conversion, g+ et i, and
oo de,

The Lagrangian (66) gives rise to muoniwm (M)« antimnonimn (1)
trausitions (through the couplings '« 5 Q' and e Q'Y 0t 2T The
effective M+ M Hamiltonian is given by

I fee i

.\ \i [ : 'Y
nit g mi (0 as)e puth vy’ 0 Moo (67)
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Using a Fierz transformation, and expressing the charge-conjugate fields in terms
of the original oues, (67) can be rewritten to

e = *{ ol e e (b asge o B (68)
\ -
where
Giow = V2 foe [, 805, (69)

N “+
and m, . is the mass of A, .

The Hamiltonian (69) is of the same form as the Hamiltonian

—— (,,' .
H LY FY] __;\1_}\1

= = a1 (L - ys)e e (I - qse (70)
v2

considered by Feinberg and Weinberg in their 1961 paper.*®’ The probability
P(M) that the muon decays as ;¢ rather than s *, if the system at t = 0 is

pure muoniuni, is given hy®®

P(AT) ~ [62/20F = (2.5 < 107 %) (G g5 Gr) (70)

where ) is the muon decay rate and 6 =2 « Ml MAMAS 5. For the Hamilto-

nian (70) Feinberg and Weinberg find
b 20 < 107G g/ GRIV (72)

Thus for the A% *-mechanism < is also given by Eq. (72). except for Gy 35 -
Gas.

Two new experimental results on A -+ AL convarsion have been presented
at this Symposium: a TRIUMF experiment™? yielded P(A) < 2 < 1) ¢ (90%%
c.l.), implying (7.4 < 0.3GF (the best present limit), and an experiment”!’ at
LAMPF obtained P(M,4r) < 5.5 10 % P(M.4r) -probability to find an
M -atom in a time interval of 4 muon lifetimes), corresponding to (7, « 0.5 p,

Another process mediated hy (66), this tinme by the angly charged Ay s
the decay put  + et e (see Fq. (30)) (through '« 0,80« v eet ) MY
The effective Hamiltonian is
l f?' .ft:_f'

- 1
2 my

" l/:(l Yo le gl ‘y-,)l/;; v e (73)
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or equivalently,

] re *
e = LI f““ A (1 - e iRt (b - asiee b e o (T
4+ ms
Defining ¢, = \»'Ef,,f;“,Sma we obtain for the ratio R = T(p*t —
e hev,) Tiu* — e r.0,)
R = HG, ). (Th)
The experimental limit {36) implies
G, < 016GE . (76)

The group associated with the v.e elastic scattering experiment at LAMPF
(experiment 225) expects to reduce the present experimental error of 6% to ~
1%.

Information on the interaction mediated by At among the same leptons

is provided also by the experimental resuit?"’

a(,’/“e" . }[ i/,)v,'("(l’,‘(' ° Y # ]I') ( 0.()5 (

-1
-1

but, to our knowledge, the implications [or the A ' -mechanisui, or for any other
iechanisis, have not heen analyzed yet.

A/ *-exchange generates also the decay p + 3e (via put + e AP
e ete*). The strength of this interaction (in the V-A form) is ¢, , -
feelf - foe)sin @/, where @ is the ey mixing angle. (', , is constrained
to be small ( < 107%) by the experimental limit on B(; — 3e).

The neutral component JAF mediates neutrino «decay into three

89)

neuirinos. Such decays, if fast enough, can provide the mechaniem for in-

termediate mass neutrinos to evade the cosmological bouns.??!
5. NEW PARTICLES IN CHARGED PION AND MUON DECAYS

In addition to decays which lead to final states containing only the known

particles, the charged pions and the minon may have decay modes involviug some
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new particles. Examples, which we have already considered in Sections 2 and
3, are the decays m — €Ny, or u — e V..V, where N, and/or .V, and .V, are new
neutrinos. In this section we shall discuss briefly decays involving new particles

other than neutrinos.
5.1 Supersymimnetric Particles

Although the supersymmetric partners of the usual particles are expected
to be heavy, the possibility that some of them are light is not ruled out.®®

~ S

51.1. py* —e* v, U, If the neutrinos () are sufficiently light, the decay

~ =z . RS .
ut — e*v.D, becomes possible. u* — e'v.i, due to wino-exchange was

studied in Ref. 91. If the masses of v and U, can be neglected, the positron
spectrum in (F1) can be parameterized in the same way as in ordinary muon

+ =
v.7, added to the normal

decay. The spectrum paraineters with u* — e
muon decay in p — e* missing neutrals depend on € = (muw/m)*, where m,
is the wino mass. The most sensitive paraineter turnsout to be {(£ =~ 1 +2¢,p =
%(1 + %e),é = %(l - %e);({é/p) — 1 is quadratic in €)°''. The hest limit on the
wino mass is my > 280 GeV (90% c.l.), obtained from the experimental values
of p and § (Ref. 13). Approximately the same limit (m,, > 270 GeV (90% c.l.))
follows from the experimental value of the ¢ parameter.'?

512. u —e33y. For light photinos (7) the decay j -+ ey could occur,
g -+ €55 mediated by scalar leptons was investigated in Ref. 92. The positron
distribution in g -+ e + missing neutrals in the presence of p — ey Y is dif-
ferent from that of normal muon decay. Limits on the effective sleptor masses
can be obtained from P,£8/p, €', and from the transverse componeuts of the
positron polarization. Neglecting the photino mass, the lower bound on P,£6/p
implies??’ | Mp| < (350 GeV) (90% c.1.) for the effective mass (as defined in Ref.
92) of the sleptons corresponding to the right-handad components ol the charged

leptons.  The limit from &' is weaker.®?

The experitnental results on the trans-
verse components of the positron polarization yield [ My Mg+ (1.9%my)?

(907 c.l.) (Ref. 18).
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5.2 Familons

Familons are geniune (massless) neutral Goldstone hosons, arising as

a consequence of a supposed spontaneously broken continuous global family

symmetry.?39%) At low energies and at lowest order the coupling of a familon
(as of other Gouldstone bosons) to fermions is of the form?>
1 R
L = FPs Sulalmy = ma) + b(my 4+ m2)3s)fy (78)

where p¢ is the familon field, F is the scale at which the family symmetry is
broken, m; and m, are, respectively, the masses of the fermions f; and fa; a
and b are constants.

Astrophysical and cosmological considerations lead for F to the bounds
10°GeV < F <10'2GeV (Ref. 93). The most stringent laboratory limits come
frori: searches for the decays K+ — n*f, u —ef and pu — ef7y.

For a Hamiltonian of the form (F1) with a = 1,b=0 (ora = 0,b = 1) the

branching ratio B(u — ef) = T'(u — ef)/T{pn — all) is given by?®
B(p — ef) = (25 < 10" GeV?)/F? . (79)

Assuming that the positron distribution in jt -+ ef is isotropic (i.e. that

either a = 0 or b = 0) the limit on B(u -+ ef) is
B(p — ef) < 26x<10"° (30 )

obtained from the results of the experiment on Ref. 15 measuring the positron
momentum spectrum end point in polarized muon decay. The limit (80 ) implies

(fora=1,b=0o0rb=1,a=0)
E - 06 . 10% v (%1)

If a and b are of comparable size, the positron distribution is not even

approximately isotropic, and therefore the limit (81) does not apply. A linit

on F for such a case is provided by the experimentai limjt"*

Bye ~ efq) - Ltoq0? (905 ¢.l.)  (82)
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on the branching ratio B{u — efy) = [(ut — et fv)/I(pt — all) of p ~
efy decay. The double-differential distribution in the positron energy and the
opening angle between the photor and the positron for ju — e fv was calculated
in Ref. 96. T'his was used in the analysis leading to the limit (82). The unplied

lower bound for F is®®
F > 3.1 x 109 Gev . (83)

The present limit B(Kt — 77 f} < 3.8 x 107® (Ref. 97) on the K+ —
nt f branching ratio B(K* — n*f) = (Kt — =*f)/T(K* — all) gives
(assumi-.g also here a = 1,b =0 or b = 1,a = 0) a somewhat better limit on F
than (81): the predicted branching ratio is (2.75 x10'®)F -2 {Ref. 93), so that
F > 2.7 x107'°,

It is also of interest to search for the decay 1 — €.X where X is a massive
neutral particle.?®’ Limits of the order of 3 x 107%* — 5 x 1073 for B(pp — eX)
have beea set for 0 < my < 103.5 MeV (exclusive the region 93.4 MeV
< myx < 98.1 MeV (Refs. 99 and 13)). Upper limits are available also for
branching ratio of the decay ut — et ¢ with a subsequent decay of the ¢ into
ete™ (Ref. 100). In the mass region 2m, < mg < 100MeV and for the
lifetimes below 10~ %s limits on the branching ratio down to 2 x 1072 Liave Leen

set.
5.3 Light Higgs Bosons and Higgs-Like Particles

Light scalar or pseudoscalar particles (axions, light Higgs,...) could be
produced in the decays #* — evX or u — ev.X. The observed value of
the 7t — e*vete~ branching ratio’®" was instrumental in ruling out!®?) the

variant axion model.}?3)

The same decay can also be used to search for a light
Higgs bosons (h), including the standard one. A recent analysis'™" finds that
the available experimental information still allows a standard Higgs hoson of
any mass between 14 MeV and | GeV. The rate for 7'+ e*ph assuming
standard Higgs couplings, was calculated in Ref. 104, The recent data on

+

mt — etvete™ (Ref. 101) are likely to lead to limits on my in the range

2me - mu < KOMeV/c? (Ref 104).
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A light Higgs boson could be searched for also in p — evith.  However,
the branching ratio for this decay was found to be smaller than the present
sensitivities for muon decay of rare muon decay experiments.'%?)

For the inclusive process

— etv X upper limits on the branching ratio
of 4 x 1077 — 4 x 107% have been set in the range 0 < my < 125MeV7/c?,
assuming that X has a rest-franie life-time greaier than 2 ns (Ref. 105). For

life-times less than 2 ns the limits are weaker by up to an order of magnitude.'®®)
5.4 Majorons

A possible way to generate neutrino mass is to break spcutineously the
global lepton number symmetry present in the minimal standard model. The
resulting Goldstone bosons are called Majorous.

Two Majoron models have been discussed in the literature. In oune of
them!%® the minimal standard model is extended by a right-handed singlet
neutrino and by a singlet Higgs field which carries lepton nuiber. The neutrinos
acquire both a Dirac mass (m) (from the standard Iliggs doublet) and a large
Majorana mass (M) (from the singlet Higgs), so that the smallness of the inasses
of the usual neutrinos can in this model be understood. ‘T'he majoron in this
model has extremely weak couplings to the usual neutrinos (~ (m/M)?) and
also to other fermions (~ Grpmym, /167?).

In the second Majoron model only the Higgs sector of the minimal standard
model is extended, adding a triplet Iliggs field carrying iepton number‘.oﬂln this
model the neutrinos can have almost equal mass: the masses do not follow the
family hierarchy. In addition to the Majoron (1) the wodel contains also a very
light neutral Higgs boson (#,). The couplings of \ and ¢, to neutrinos is of
the form107.108)

L = L ,}; grer e (1ys by ) ({1
where gep is expected to be of the order of one, but could be smallee,  The

coupling of v and @x to other fermious is much weaker,



In charged pion decays \ and @ can appearin # — ey and ° — evon(\

and ¢, are emitted by v).'°* In Ref. 105 the it
T(r — evn(oa))/l(r - ) < <10 " (85)

has been set for these decays. This implies the limit
(9%)ee < 2+ 107 (86)

on the Majoron-neutrino coupling. In Eq. (86) g* is the square of the matrix
whose eleinents are g, (nee Rel. 108).

Majoron (or ¢4) emission alfects also the ratio It in Eq. (44), since then
cae observes # — (L° where L° includes v-,vy and vo,. The prediction for It
(Eq. 44) is'?®

R =1+ 157.5(¢% . (RT)

The experimental value of B (Ref. 43) yields!?®’
(9%)ee « T6 = 10°% . e (88)

In the presence of Majorous the decay u* -+ ¢* + missing neutrals would

100yt —c et Y and ut -+ ' YY' where ¥ o= \,é4,Y' = \,da.

include
These processes have been calculated in Ref. 109. Given the limit (87) and the
limit (¢?),, < 2.4 <10 Y (from K -y decays) their effect would likely be too

small to be observable,
8. CONCLUSIONS

In this talk we discussed the decays of the charged pion and of the muon
from the point of view of physica heyond the minimal atandard maode ], Ae we
have seen, there is a great variety of possible new physics that can he probed hy
them. Below we summanize the main features,

o T'he usual muon decay probes the existence of non-(V-A) internctions.
These could he generated, for example, by new gauge bosons, Higgs bosons, or

by mixing of the usual fermions with new heavy fermions. They could also arise
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in composite models. It is important to continue to improve the accnracy of
measurements of the muon decay parameters.

o The experiinental value of the ratio '(r — err) I'(m —~ jur) provides ex-
tremely stringent bounds on some pseudoscalar interactions involving the elec-
tron. Such interactions could arise, for example, through leptoquark exchange.
The polarization of the muon in # — uv is sensitive to right-handed currents
involving the muon. For pseudoscalar type currents of this kind the present ex-
perimnental value of the polarization sets the best limits. I'(r — ev)/ (7 — jv)
is sensitive also to some new light particles. The experiinental accuracy for
[(m — ev)/T'(r — uv) could be improved by about a factor of 3 before encoun-
tering the estimated uncertainties in the radiative corrections.

o The experimental accuracy for the #* - 7% *1, branching ratio could
be improved by about an order of magnitude before reaching the level of the
estimated uncertainties in the radiative corrections. The decay 7t — n%* 1,
is sensitive to standard model effects that violate ('VC (quark mass effects,
electromagnetic corrections), and perhaps also to soms new physics (elfective
tensor interactions).

e We have cousidered briefly the lepton family nuwber nonconserving pro-
cesses u — ey, it — e, ut —etv, b, ute et andu N -»e” N, These
processes probe a broad range of possible sources of lepton-family -number vio-
lation. Their rates could be as large as the present limits.  The information
they provide is complementary to the information one can obtain, for example,
from lepton family nonconserving kaon decays. It is iluportant to improve the
limits on their branching ratios by as much as possible,

The anomalous muon decay u* « ¢’ 1, and muonium  + antimuoniuimn
conversion probe an attractive class of left-right symmetric models.  They are
mediated in these models by the exchange of triplet Higgs hosons, ‘T'hie rates of
put et v,vy, and muonium -+ antimuonium conversion due to this mechanisin
can be as large as the present limits,

o Searches for new light particles (massive neutrinos, light Higgs hosons,

ete.) are of continuing interest,
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TABLE I. Experimental values of muon-decay parameters

Minimal Standard

Parameter Experimental Value Model Value Reference
T, (2.19703 + 0.00004)x 10~%s 12
p 0.7106 + 0.0026 3/4 12
] 0.7446 + 0.0026(stat.)

+ 0.0028 (syst.) 3/4 13
13 1.0050 + 0.0088 1 14
P.¢6/p > 0.99682 (90% c.l.) 1 15
¢ 0.998 £ 0.045 1 16
" 0.65 + 0.36 1 17
a/A 0.015 £+ 0.052 0 18
3/A 0.002 £ C.018 0 18
a' /A -0.047 + 0.052 0 18
g'/A 0.017 + 0.018 0 18
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TABLE II. 90% confidence level limits on the coupling constants in
the Hamiltonian (3) in units of G,‘/\/i (from Ref. 13).

19711 < 0.918 19, | < 0.122
197 R < 0.066 |9k Rl < 0.033
92| < 0.125 9t R < 0.060
7 < 0.89 r)e < 0.110
97| < 0.036 9y < 0.888
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TABLE III. Experimental upper limits on some lepton family member

nonconserving processes.

90% c.l. upper limits on
the branching ratio (for
ute™ — p~e?t on the
probability P(M), defined

Process in the text) Reference
B~ ey 4.9 x 10~} 68
M= ery 7.2 x 10711 68
pu — eee 1x10°12 69
pt —etiew, 0.098 34
pte™ — p~et 2x10°° 70
Ti 4.6 x 10712 T2
g~ —e-  Pb 4.9 x 10~19 72
{S 7 x 10711 73
Cu 1.6 x 10~* 4
Ti 1.7 x 10719 72
pu~ — et {S 9 x 10710 73
Cu 2.6 x 10~ 74

38



